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ABSTRACT
We present Atacama Large Millimeter/Sub-millimeter Array observations of the can-
didate jet-ISM interaction zones near the black hole X-ray binaries GRS 1758−258
and 1E 1740.7−2942. Using these data, we map the molecular line emission in the
regions, detecting emission from the HCN [J = 1−0], HCO+ [J = 1−0], SiO [J = 2−1],
CS [J = 2 − 1], 13CO [J = 1 − 0], C18O [J = 1 − 0], HNCO [J = 40,4 − 30,3], HNCO
[J = 50,5 − 40,4], and CH3OH [J = 21,1 − 11,0] molecular transitions. Through examin-
ing the morphological, spectral, and kinematic properties of this emission, we identify
molecular structures that may trace jet-driven cavities in the gas surrounding these
systems. Our results from the GRS 1758−258 region in particular, are consistent with
recent work, which postulated the presence of a jet-blown cocoon structure in deep ra-
dio continuum maps of the region. Using these newly discovered molecular structures
as calorimeters, we estimate the time averaged jet power from these systems, finding
(1.1−5.7)×1036erg s−1 over 0.12−0.31 Myr for GRS 1758−258 and (0.7−3.5)×1037erg s−1
over 0.10−0.26 Myr for 1E 1740.7−2942. Additionally, the spectral line characteristics
of the detected emission place these molecular structures in the central molecular zone
of our Galaxy, thereby constraining the distances to the black hole X-ray binaries to
be 8.0 ± 1.0 kpc. Overall, our analysis solidifies the diagnostic capacity of molecular
lines, and highlights how astro-chemistry can both identify jet-ISM interaction zones
and probe jet feedback from Galactic X-ray binaries.
Key words: black hole physics— ISM: jets and outflows — radio continuum: stars
— stars: individual (1E 1740.7−2942 & GRS 1758−258) — X-rays: binaries
1 INTRODUCTION
Black holes regulate their local environments through the
ejection of powerful relativistic jets. For example, the jets
launched by super-massive black holes in Active Galactic
Nuclei (AGN) are often observed to carve out huge cavities
in the surrounding gas, depositing enough energy to affect
large scale processes such as galaxy evolution, star forma-
tion, and even the distribution of matter in the early uni-
verse (Magorrian et al. 1998; McNamara et al. 2005; Mc-
Namara & Nulsen 2007; Mirabel et al. 2011). Addition-
ally, stellar-mass black holes present in Galactic X-ray bi-
naries (BHXBs) or ultra-luminous X-ray sources (ULXs;
systems1 in nearby galaxies accreting near the Eddington
? E-mail: a.tetarenko@eaobservatory.org
1 We note that some ULXs are also known to contain neutron
stars (e.g., Bachetti et al. 2014).
limit, LX > 1039 erg s−1; e.g., Kaaret et al. 2017), are known
to release a significant portion of liberated accretion power
into their local environments through jets, often driving jet-
blown bubbles or ionized nebula structures surrounding the
central compact objects (Heinz & Grimm 2005; Gallo et al.
2005; Fender et al. 2005; Russell et al. 2010; Soria et al. 2010;
Pakull et al. 2010; Cseh et al. 2014).
Identifying and studying the physical conditions of the
gas and dust in these jet interaction zones near black holes
not only provides information about the impact black holes
have on their environments, but also can be used to un-
derstand fundamental properties of the central engine and
jet launching process. In particular, valuable information on
unknown jet properties, most notably, the total jet power,
radiative efficiency, jet speed, and the matter content are
encoded within the interaction regions (e.g. McNamara &
Nulsen 2007; Burbidge 1959; Castor et al. 1975; Heinz 2006).
These jet properties, which are notoriously difficult to mea-
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Table 1. Summary of molecular tracers sampled in this study
Molecule What it traces? Why?
HCN Density High critical density (104 − 105cm−3) — due to the high electric dipole moment of this molecule,
gas needs to be in a high density environment, where many collisions will occur, to become excited.
HCO+ Density High critical density (104 − 105cm−3), and thus is preferentially excited in high density environments.
Ionization HCO+ abundance can be enhanced in regions with a higher fraction of ionization.
SiO Shocks Silicon-bearing species — silicon abundance is enhanced during the dust grain destruction process.
HNCO Density High critical density (105 − 107cm−3), and thus can only be excited in high density environments.
Shocks HNCO abundance has been found to increase in the presence of slower shocks, in contrast to SiO
tracing faster shocks.
CS Density High critical density (104 − 105cm−3), and thus can only be excited in high density environments.
Shocks Sulfur-bearing species — similar to silicon, sulfur abundance can be enhanced during the dust
grain destruction process.
CO Density Probes gas opacity (12CO tends to be optically thick, while 13CO and C18O tend to be optically thin),
and is a good tracer of where most of the gas mass is located.
CH3OH Shocks Traces the breakup of the icy mantles during the dust grain destruction process. Indicates the presence
of slower shocks, in contrast to SiO, as the grains do not need to be completely destroyed to produce
this molecule.
sure through other methods, quantify the matter and energy
input into the jets, and thus are crucial in pinpointing how
jets are launched and accelerated. For example, jet power
estimates from broad-band spectral measurements or mini-
mum energy calculations during time-resolved flaring events
(Fender & Bright 2019) often rely on assumptions of spec-
tral shape, radiative efficiency, composition, and the ratio
of energy in particles/magnetic field. Alternatively, one can
use jet-driven structures in the interstellar medium (ISM)
as calorimeters to constrain the power that the jet needs
to carry to produce and maintain such a structure in the
surrounding medium, without the limitations of these as-
sumptions (Gallo et al. 2005; Russell et al. 2007; Sell et al.
2015).
Galactic BHXBs offer excellent laboratories in which
to study jet interaction zones, as their jets evolve on day
to month timescales, they are located at nearby distances,
and they are thought to be good analogues for AGN. Given
their incredible diagnostic potential, over the last couple
of decades there have been many observational campaigns
searching for these highly sought after interaction sites
near BHXBs. To date, several candidate jet-ISM interac-
tion sites have been identified; SS 433 (Dubner et al. 1998),
Cygnus X–1 (Gallo et al. 2005; Russell et al. 2007), 1E
1740–2942 (Mirabel et al. 1992a), GRS 1758−258 (Mart´ı
et al. 2002), GRS 1915+105 (Kaiser et al. 2004; Rodr´ıguez
& Mirabel 1998; Chaty et al. 2001), H1743–322 (Corbel
et al. 2005), XTE J1550–564 (Corbel et al. 2002; Kaaret
et al. 2003; Migliori et al. 2017), XTE J1748–288 (Brock-
sopp et al. 2007), GRO J1655–40 (Hjellming & Rupen 1995;
Hannikainen et al. 2000), GX 339-4 (Gallo et al. 2004), 4U
1755–33 (Kaaret et al. 2006), XTE J1752–223 (Yang et al.
2010; Miller-Jones et al. 2011; Yang et al. 2011; Ratti et al.
2012), XTE J1650–500 (Corbel et al. 2004), XTE J1908+094
(Rushton et al. 2017), 4U 1630–47 (Neilsen et al. 2014;
Kalemci et al. 2018), LMC X–1 (Russell et al. 2006; Cooke
et al. 2007; Hyde et al. 2017), and GRS 1009–45 (Russell
et al. 2006). From these past works, it is clear that find-
ing and confirming interaction sites can be incredibly dif-
ficult and often observationally expensive (e.g., requiring
deep, wide-field radio continuum observations). This diffi-
culty mainly results from the fact that interaction sites can
manifest with a wide variety of morphologies and emission
properties, likely dependent on the properties of the BHXB
(e.g., space velocity; Miller-Jones et al. 2007; Heinz et al.
2008; Wiersema et al. 2009) and/or local ISM properties
(e.g., density; Heinz 2002; Kaiser et al. 2004). Once iden-
tified, detailed calorimetric calculations of interaction sites
are highly sensitive to the properties of the ISM (i.e., den-
sity, kinetic temperature, shock velocity; Russell et al. 2007;
Sell et al. 2015), and thus require accurate constraints on
the physical conditions in the interacting gas, which cannot
be derived with continuum observations alone. Therefore,
developing and implementing new methods that allow us
to identify and place improved observational constraints on
these parameters at multiple interaction sites, is crucial for
taking full advantage of the diagnostic potential of these re-
gions.
We expect jet-ISM interactions to alter the chem-
istry and excitation conditions of the gas in these regions.
Through observing molecular line emission we can trace the
density, temperature, and the presence of a shock in the gas
at interaction sites (see Table 1 for a summary of the tracers
sampled in this study; Williams & Viti 2013; Ginsburg et al.
2015). For example, CO and HCN emission track where most
of the gas mass is located, allowing for the detection of a jet
blown bubble or cavity structure in the molecular gas. More-
over, the detection of asymmetric line wings in the emission
(on the scale of the interaction zone) provides kinematic evi-
dence for the presence of a shock in the surrounding medium.
Observing different isotopologues of CO probes the opacity
(and density) of the gas. Observing different transitions of
the same molecule can probe different temperature regimes
(e.g., the minimum gas temperatures need for collisions to
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excite HNCO (J = 50,5 − 40,4 vs HNCO (J = 40,4 − 30,3)
is ∼ 15/10 K). Further, observing emission from molecules
like SiO, which trace dust-grain destruction, can be used
to identify regions of shock excited gas. Telescopes like the
Atacama Large Millimeter/Sub-Millimeter Array (ALMA)
can observe several of these molecular lines in a single ex-
ecution, making this technique much more observationally
efficient than previous studies and more scaleable to larger
surveys of interaction sites.
Recently, Tetarenko et al. (2018) performed a pilot
study with ALMA, utilizing molecular line emission emit-
ting across the sub-mm bands to characterize a candidate
jet interaction zone near the BHXB GRS 1915+105. In
this study, we found new kinematic and morphological ev-
idence in the molecular gas supporting an association be-
tween the suspected impact site and the GRS 1915+105 jet,
and we estimated the time-averaged power carried in the
GRS 1915+105 jets from the ISM conditions at this site.
This study also showed that molecular emission may allow
us to distinguish between the effects of different forms of
feedback in the gas; (i.e., BHXB jet versus the star forma-
tion process). Therefore, by mapping molecular line emission
near BHXBs, we can develop several lines of evidence to con-
clusively identify jet-ISM interaction regions, and accurately
probe the ISM conditions at these sites.
Building on the success of this GRS 1915+105 study,
we obtained new ALMA observations of a suite of molecular
lines in the candidate interaction zones near the BHXBs
GRS 1758−258 and 1E 1740.7−2942. With these data, we
aim to characterize the properties of the molecular gas at
these sites, test whether these candidate zones are consistent
with being powered by a BHXB jet, and estimate the energy
input into the ISM from these BHXB jets, thereby helping
to better quantify the level of BHXB jet feedback in our
Galaxy.
1.1 GRS 1758–258 & 1E 1740.7–2942
GRS 1758−258 and 1E 1740.7−2942 are BHXBs that were
discovered in X-rays by the GRANAT and Einstein satel-
lites, respectively (Hertz & Grindlay 1984; Mandrou 1990).
The radio counterparts to these X-ray sources were iden-
tified with the Very Large Array (VLA; Rodriguez et al.
1992; Mirabel et al. 1992b), both of which revealed double-
sided jet structures, leading to their classification as micro-
quasars. The donor stars in both systems have not been
clearly identified, due to the high extinction in these re-
gions. However, infrared imaging/spectroscopy observations
have suggested several candidates; low-mass stars for GRS
1758−258 (Marti et al. 1998) and high-mass stars for 1E
1740.7−2942 (Mart´ı et al. 2000; Eikenberry et al. 2001).
Recently, X-ray reflection model fitting (Stecchini et al.
2020) has placed constraints on the inclination angle (> 50
deg) and black hole mass (5M) for 1E 1740.7−2942. GRS
1758−258 and 1E 1740.7−2942 are particularly unique in the
BHXB population, as they tend to remain persistently in
bright outburst states, accreting near their peak luminosity
most of the time (Tetarenko et al. 2016).
GRS 1758−258 and 1E 1740.7−2942 are ideal sources to
target with our molecular tracer technique. Reminiscent of
AGN jet impact sites, they display radio lobes, with a small
separation from the central source (< 3 pc, see Figure 1;
Mirabel et al. 1992a; Mart´ı et al. 2002; Hardcastle 2005).
These radio lobes have undergone significant evolution in
brightness and morphology over the last 10–15 years (Luque-
Escamilla et al. 2015; Mart´ı et al. 2015), suggesting that the
lobes are being powered by a variable source, such as the rel-
ativistic jet in the nearby BHXBs. For instance, near GRS
1758−258, a hot-spot in the northern radio lobe moves at a
rate of ∼ 2 arcsec yr−1 (implying a jet speed of ∼ 0.25 c; Mart´ı
et al. 2015). The lobe evolution in GRS 1758−258 has been
attributed to hydrodynamic instabilities in the jet, while in
1E 1740.7−2942, it is believed that a precessing jet has con-
tributed to the lobe evolution (Luque-Escamilla et al. 2015;
Mart´ı et al. 2015). Through stacking many archival VLA
radio data sets, Mart´ı et al. (2015) have presented evidence
of a potential jet-blown cocoon structure surrounding GRS
1758−258 and its radio lobes. Further, Mart´ı et al. (2017)
has also detected a low-surface-brightness Z-shaped feature
in the GRS 1758−258 lobes (reminiscent of winged radio
galaxies), which may be produced by a hydrodynamic back-
flow of the jet material in the suspected cocoon structure.
Additionally, both targets have existing sub-mm detections
of molecular lines near the candidate impact sites (e.g., CO,
HCO+, HCN), which can allow for strong ISM constraints,
and 1E 1740.7−2942 is believed to be located within or near
the edge of a molecular cloud (Lin et al. 2000; Phillips &
Lazio 1995; Mirabel et al. 1991). Lastly, these two sources
are conveniently close enough on the sky (< 5 degrees) that
they can be observed in a single ALMA observation.
To study the candidate interaction sites near GRS
1758−258 and 1E 1740.7−2942, we obtained ALMA Com-
pact Array (ACA) and 12m array observations mapping
the molecular line emission in the fields surrounding these
BHXBs. The ACA was ideal for a first pass at imaging of
these sources, as it closely matches the resolution of previ-
ous radio observations (∼ 15′′; Luque-Escamilla et al. 2015;
Mart´ı et al. 2015; Mart´ı et al. 2017) and can cover the largest
angular scales in the radio lobes (50′′ in extent), while the
12m array provided higher resolution followup observations
of key molecular emission regions identified in the ACA data.
In §2, we describe the data collection, reduction process,
and imaging procedure. In §3, we present maps of the con-
tinuum and molecular line emission in the fields (density
tracers: CO, HCN, HCO+, HNCO; and shock tracers: SiO,
CS, CH3OH), as well as outline the morphological, spectral,
and kinematic properties of this emission. In §4, we discuss
the ISM conditions in these regions, what these conditions
reveal about the presence of a jet-ISM interaction at these
sites, and how these conditions help place constraints on jet
properties from both BHXBs. We also present a comparison
between these sites and our earlier molecular tracer work on
GRS 1915+105, in an effort to identify a unique molecular
signature of BHXB jet feedback. A summary of our work is
presented in §5.
2 OBSERVATIONS AND DATA ANALYSIS
2.1 ALMA sub-mm observations
2.1.1 ALMA Compact Array (ACA)
We observed the fields surrounding the BHXBs
GRS 1758−258 and 1E 1740.7−2942 (Project Code:
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Figure 1. Maps of the fields surrounding the BHXBs GRS 1758−258 (left) and 1E 1740.7−2942 (right), where each panel represents the
4.5 × 4.5 arcmin fields covered by the ALMA Compact Array. The background colour images show the WISE mid-infrared 12µm band
(W3 Band; see §2.3). The white contours represent 6 cm archival VLA C-configuration continuum radio maps from observations taken
in 2016 March (see §2.2); contour levels are 2n × the rms noise of 3.5µJy bm−1 (n = 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5) for the left panel and 2n×
the rms noise of 8µJy bm−1 (n = 2.0, 2.5, 3.0, 3.5, 4.0, 5.0, 6.0) for the right panel. The red ellipses in the bottom left corners represent the
VLA beams. A physical scale-bar, dependent on the assumed distance to both sources, is shown in both panels. Sources of interest are
labelled, including the radio lobe interaction zones and the core jet emission. Bright, diffuse infrared emission is observed in the fields
surrounding the candidate interaction zones (i.e., the radio lobes).
2017.1.00928.S, PI: A. Tetarenko) using two different spec-
tral setups with the ACA on 2017 October 31 (22:06:16.2 –
23:07:55.6 UTC, MJD 58057.9210 – 58057.9638; hereafter
Execution 1) and 2017 December 27 (14:46:43.6 – 15:37:07.4
UTC, MJD 58114.6157 – 58114.6507; hereafter Execution
2, see Table 2). The Band 3 receiver (84–116 GHz) was
used for each of these two tunings. During our observations,
the array contained 11/10 antennas, and spent ∼22/19 min
total on the target sources in Execution 1/2, respectively.
We observed two 4.5 arcmin × 4.5 arcmin mosaic fields
centred on the coordinates: (Equatorial J2000) RA =
18:01:12.40, Dec = −25:45:01.53 for GRS 1758−258 and
RA = 17:43:54.83, Dec = −29:44:42.60 for 1E 1740.7−2942;
(Galactic) l = 4.51, b = −1.36 deg and l = 359.12, b = −0.11
deg, respectively. Each mosaic field consisted of 27/39
pointings in Execution 1/2. The correlator was set up to
yield 4 × 2 GHz wide base-bands, within which we defined
5/3 individual spectral windows centered on our target
molecular lines in Execution 1/2, and one continuum
spectral window for each execution (see Table 2 for the
central frequencies, bandwidth, and resolution of these
spectral windows).
All of the data were reduced and imaged within the
Common Astronomy Software Application package (casa,
version 5.3; McMullin et al. 2007). Flagging and calibration
of the data were performed with the ALMA pipeline. We
used J1924–2914 / J1517–2422 as both bandpass and flux
calibrators, as well as J1826–2924 / J1744–3116 as phase cal-
ibrators for Execution 1/2. All line imaging was done with
the tclean task in casa, using natural weighting to maxi-
mize sensitivity, and pixel sizes of 1.8′′/1.5′′ for Execution
1/2 (beam FWHM for Execution 1/2 were 14.4′′/11.4′′).
Additionally, we utilized the auto-masking algorithm, auto-
multithresh2 (Kepley et al. 2019), within the tclean task
to automatically mask regions during the cleaning process.
When running the auto-multithresh algorithm, we set
the following parameter values: sidelobethreshold = 1.25,
noisethreshold = 3.5; minbeamfrac = 0.1; lownoisethreshold =
2.0; and negativethreshold = 0.0. To image the continuum
emission, we split out the continuum spectral window in each
Execution’s data set (using the casa split task) and com-
bined them into a single data set with the concat task. We
flagged any channels with clear line emission (determined by
examining the data in plotms) and then performed multi-
frequency synthesis imaging on the flagged continuum data
using the tclean task, with natural weighting to maximize
sensitivity.
2.1.2 ALMA 12m Array
Following our ACA observations, we obtained higher resolu-
tion ALMA 12m array observations of the regions in which
we detected significant molecular emission in the ACA data
(Project Code: 2019.1.01266.S, PI: A. Tetarenko). We ob-
served these fields using two different spectral setups with
the ALMA 12m array on 2019 November 24 (18:36:25.2 –
19:33:58.8 UTC, MJD 58811.7753 – 58811.8153; hereafter
Execution 1) and 2019 December 10 (18:45:17.4 – 19:33:42.0
UTC, MJD 58827.7815 – 58827.8151; hereafter Execution 2).
As with the ACA observations, the Band 3 receiver (84–116
GHz) was used for each of these two 12m array tunings. Dur-
ing our 12m observations, the array contained 43 antennas
2 See https://casaguides.nrao.edu/index.php/Automasking_
Guide for details on the auto-multithresh algorithm.
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Table 2. ALMA Correlator Setup
Execution Target Line Rest LSRK ACA 12m ACA 12m
Freq. (GHz) Bandwidth Bandwidth Resolution Resolution
(km s−1) (km s−1) (km s−1) (km s−1)
2 HCN (ν = 0, J = 1 − 0) 88.631601 396 793 0.955 0.826
2 HCO+ (ν = 0, J = 1 − 0) 89.18853 396 788 0.949 0.821
2 SiO (ν = 0, J = 2 − 1) 86.84696 809 809 0.974 0.843
2 HNCO (ν = 0, J = 40,4 − 30,3) 87.92524 799 799 0.962 0.832
2 CS (ν = 0, J = 2 − 1) 97.98095 1434 1434 0.863 0.747
1 HNCO (ν = 0, J = 50,5 − 40,4) 109.90575 320 320 0.770 0.666
1 C18O (ν = 0, J = 1 − 0) 109.78218 320 320 0.761 0.667
1 13CO (ν = 0, J = 1 − 0) 110.20135 320 320 0.768 0.664
1 CH3OH (J = 21,1 − 11,0) / Continuum† 96.75550100 / 98.0 . . . 6118 . . . 47.798
1, 2 Continuum† 100.0 5996 5996 46.843 46.843
108.0 5552 5552 43.373 43.373
† For the continuum, we state the central frequency for each spw in the Rest LSRK Frequency column.
and was in the C43-2/C43-1 array configurations for Execu-
tion 1/2. We spent ∼16/36 min total on GRS 1758−258/1E
1740.7−2942 in Execution 1, and ∼15/28 min total on GRS
1758−258/1E 1740.7−2942 in Execution 2. We observed a
2 arcmin × 2 arcmin mosaic field centred on the coordi-
nates: (J2000) RA = 18:01:11.95, Dec = −25:45:33.5 for GRS
1758−258 (Galactic: l = 4.49, b = −1.37 deg) and a 1.3 ar-
cmin × 1.6 arcmin mosaic field centred on the coordinates:
(J2000) RA = 17:43:56.1770, Dec = −29:44:48.092 for 1E
1740.7−2942 (Galactic: l = 359.12, b = −0.11 deg). The GRS
1758−258 mosaic field consisted of 17/27 pointings in Exe-
cution 1/2, while the 1E 1740.7-2942 mosaic field consisted
of 7/14 pointings in Execution 1/2. The correlator was set
up with a nearly identical setup to the ACA observations;
4× 2 GHz wide base-bands, within which we defined 5/3 in-
dividual spectral windows centered on our target molecular
lines in Execution 1/2, and 1/3 continuum spectral windows
for Execution 1/2 (see Table 2 for the central frequencies,
bandwidth, and resolution of these spectral windows).
All of the 12m array data were reduced and imaged
within casa. Flagging and calibration of the data were per-
formed with the ALMA pipeline. We used J1924–2914 as
a bandpass and flux calibrator, as well as J1744–3116 as a
phase calibrator for both executions. All line imaging was
done with the tclean task in casa, through combining the
ACA and 12m data, using natural weighting to maximize
sensitivity, a pixel size of 0.5′′(beam FWHM for Execution
1/2 were 2.3′′ / 3.4′′), and the multi-scale algorithm (scales
of [0, 5, 10, 20, 40]× the pixel size). Additionally, similar to the
ACA only imaging, we utilized the auto-masking algorithm,
auto-multithresh, within the tclean task to automati-
cally mask regions during the cleaning process. When run-
ning the auto-multithresh algorithm on the combined the
ACA and 12m data, we set the following parameter values:
sidelobethreshold = 2.0; noisethreshold = 3.5; minbeamfrac =
0.3, lownoisethreshold = 1.5; and negativethreshold = 0.0. To
image the continuum emission, we followed the same proce-
Table 3. VLA Archival Observations Log
Date UTC Time Range MJD Time Range
2016 March 4 14:55:20 – 15:55:00 57451.6217 – 57451.6631
2016 March 10 15:10:10 – 16:09:55 57457.6320 – 57457.6735
2016 March 11 15:39:36 – 16:39:20 57458.6525 – 57458.6939
2016 March 21 13:36:55 – 15:06:30 57468.5673 – 57468.6295
2016 March 22 13:16:45 – 14:46:25 57469.5529 – 57469.6155
dure as with the ACA data alone, but this time combined
the ACA and 12m data in the tclean task.
2.2 VLA radio observations
We downloaded and reduced public archival VLA observa-
tions of GRS 1758−258 and 1E 1740.7−2942 (Project Code:
16A-005, PI: J. Marti). These observations were taken over
a series of five days (see Table 3) in 2016 March, and con-
sisted of scans on source in the C (4–8GHz) band. The array
was in its C configuration during the observations. All ob-
servations were made with an 8-bit sampler, comprised of 2
base-bands, each with 8 spectral windows of 64×2 MHz chan-
nels, giving a total bandwidth of 1.024 GHz per base-band.
Flagging, calibration, and imaging of the data were carried
out within casa using standard procedures outlined in the
casa Guides3 for VLA data reduction (i.e., a priori flag-
ging, setting the flux density scale, initial phase calibration,
solving for antenna-based delays, bandpass calibration, gain
calibration, scaling the amplitude gains, and final target flag-
ging). For all VLA observations, J1331+3030 was used as a
flux and bandpass calibrator, and J1751–2524 was used as a
3 https://casaguides.nrao.edu/index.php/Karl_G._Jansky_
VLA_Tutorials.
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phase calibrator. We imaged the target sources by combining
the data from all executions and using the multi-frequency
synthesis algorithm within the tclean task in casa. Dur-
ing imaging, we used two Taylor terms to account for the
wide bandwidth, Briggs weighting with a robust parame-
ter of 0.5 to balance sensitivity and angular resolution, the
multi-scale clean algorithm (scales of [0, 10, 40] × the pixel
size for GRS 1758−258 and [0, 10, 20, 40, 60] × the pixel size
for 1E 1740.7−2942, where the pixel size was 0.7′′ for both)
to effectively deconvolve extended emission, and a uv -taper
of 25 kλ for GRS 1758−258 to better enhance the extended
emission (as was done in Mart´ı et al. 2017). VLA radio maps
of GRS 1758−258 and 1E 1740.7−2942 are shown in Figure 1.
2.3 Multi-wavelength observations
We searched for observations of our ALMA covered fields
surrounding GRS 1758−258 and 1E 1740.7−2942 taken at
other wavelengths with large continuum surveys, finding
infrared coverage with NASA WISE (Wright et al. 2010)
and Spitzer GLIMPSE/MIPSGAL (Benjamin et al. 2003;
Churchwell et al. 2009; Carey et al. 2009). These infrared
maps (24, 12, 8, and 5.8 µm) of the fields surrounding GRS
1758−258 and 1E 1740.7−2942 are shown in Figures 1, A1,
and A2.
3 RESULTS
3.1 Continuum Emission
The radio continuum emission in both the GRS 1758−258
and 1E 1740.7−2942 regions shows a point-source compo-
nent (coincident with the BHXB X-ray positions) and two
extended structures to the north and south of the core (see
Figure 1). These features are interpreted as an unresolved
compact jet (also known as a core) and two jet driven lobes
in each source. Additionally, other (likely) unrelated radio
emission is seen in both fields; the GRS 1758−258 field dis-
plays other point sources (the brightest of which is located
to the north-east of the core) and the 1E 1740.7−2942 field
displays extended structures to the north-east and south-
west of the core. The radio continuum emission from the
lobe structures in both sources shows a steep spectral in-
dex (α < 0, where fν ∝ να), which is distinct from the
flat (α ∼ 0) spectral index observed in the core jet emission
(Mirabel et al. 1992a; Mart´ı et al. 2002; Hardcastle 2005).
The steep/flat spectral indices are consistent with partially
self-absorbed, non-thermal synchrotron emission from a rela-
tivistic plasma, commonly observed from BHXB jets (Fender
2006).
In GRS 1758−258, the radio lobes extend up to ∼ 1.5
arcmin (corresponding to ∼ 3.5 pc at a distance of 8.0 kpc4)
from the central source, and show varying brightness and
morphology between the two. In particular, the northern
lobe has a higher surface brightness (peak of ∼ 57µJy bm−1
vs. ∼ 28µJy bm−1 for north and south lobes, respectively) and
is more extended (∼ 55′′ × 75′′ vs. ∼ 40′′ × 58′′ for north and
south lobes, respectively) when compared to the southern
4 See §4.1 for details on our distance estimates.
lobe, leading to a higher integrated brightness (∼ 514µJy vs.
∼ 360µJy for north and south lobes, respectively).
In 1E 1740.7−2942, the radio lobes extend up to 35′′
(corresponding to ∼ 1.4 pc at a distance of 8.0 kpc4) from
the central source. While both lobes display a similar wavy
structure (previously suggested to be indicative of preces-
sional motion; Luque-Escamilla et al. 2015), the northern
lobe has a higher surface brightness (peak of ∼ 300µJy bm−1
vs. ∼ 90µJy bm−1 for north and south lobes, respectively), is
more extended (∼ 15′′ × 30′′ vs. ∼ 8′′ × 25′′ for the north-
ern and southern lobes, respectively), and has a higher in-
tegrated brightness (∼ 715µJy vs. ∼ 206µJy for north and
south lobes, respectively) when compared to the southern
lobe. The varying lobe properties could be an indication of
an asymmetric density distribution in the local ISM for both
regions (as previously suggested in Mart´ı et al. 2015; Mart´ı
et al. 2017).
We do not detect any significant sub-mm continuum
emission in our combined ALMA ACA + 12m data, plac-
ing 3σ upper limits of ∼ 120 µJy bm−1 and 210 µJy bm−1 for
the GRS 1758−258 and 1E 1740.7−2942 fields, respectively.
These non-detections are expected, given that an extrapola-
tion of the radio lobe synchrotron spectrum to sub-mm fre-
quencies predicts flux densities of a few to tens of µJy bm−1
(well below our ALMA continuum detection limits).
The mid-infrared continuum emission (12−24µm) shows
bright, diffuse structures across the entire fields near GRS
1758−258 and 1E 1740.7−2942 (see Figures 1, A1, and A2).
This type of emission is indicative of the presence of heated
gas and dust. The near-infrared continuum emission (≤ 8µm)
in both fields is dominated by compact point sources, likely
arising from stellar emission unrelated to our targets.
3.2 Molecular Emission
The radio continuum emission in both the GRS 1758−258
and 1E 1740.7−2942 fields display intriguing radio lobe
structures located on either side of the core jet emission.
The location and structure of these lobes suggest that they
may be impact sites between the BHXB jet and the local
ISM. Depending on the scale of the interaction, we expect
to observe signatures of a jet impact in the molecular gas
coincident with these lobes, or surrounding the lobes if a
cavity is present. Therefore, to search for interaction signa-
tures, we first mapped the molecular emission in a 4.5′×4.5′
field surrounding each BHXB with the ACA, followed by
high resolution followup of the ACA detected emission with
the 12m array.
In the GRS 1758−258 field, we detect emission from
the 13CO (density tracer), HCN (density tracer), CS (shock
tracer), and SiO (shock tracer; only seen in the combined
ACA + 12m data) molecules in the velocity range of 50–
100 km s−1. Figures 2 and B1 display the maximum inten-
sity maps of these molecules. In these maps, we observe a
bright molecular structure, in both density and shock tracing
molecules, coincident with the eastern edge of the southern
lobe. This molecular emission appears to be aligned along
the edge of the potential jet-blown cavity suggested by Mart´ı
et al. (2015), and possibly along one end of the Z-shaped
back-flow identified by Mart´ı et al. (2017). We do not de-
tect any significant molecular emission coincident with or
surrounding the northern lobe. Nonetheless, we note that
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Mart´ı et al. (2017) report a molecular cloud (in the Dame
et al. (2001) Galactic plane CO survey) located near the
northern lobe, with a central velocity of 220 km s−1 (unfor-
tunately outside the velocity range covered by our ALMA
observations). However, we also note that this cloud could
simply be a chance alignment, located in the foreground or
background relative to the BHXB. Our new ALMA line de-
tections are consistent, in terms of central velocities (70–80
km s−1) and peak intensities (< 1 K), with past lower reso-
lution IRAM/SEST molecular detections achieved from av-
eraging spectra over many positions along the jet axis (Lin
et al. 2000).
In the 1E 1740.7−2942 field, we detect emission from the
HCN (density tracer), HCO+ (density tracer), SiO (shock
tracer), CS (shock tracer), CO (density tracer), HNCO (den-
sity tracer), and CH3OH (shock tracer; only seen in the
12m data, as the ACA did not sample the corresponding
frequency range) molecules in the velocity range of 0–60
km s−1. Figure 3 displays maximum intensity maps of the
HCN, HCO+, and SiO molecules, with the remainder of the
molecules shown in Figures B2 – B7 in Appendix B. In these
maps, we observe a ring-shaped molecular structure encir-
cling the central BHXB in density tracing molecules (HCN,
HCO+, and HNCO, but oddly this structure is not seen in
CO emission), which could be tracing the edges of a jet-
blown cavity in the molecular gas. We also note that the
BHXB is not centrally located in this ring structure, but
rather offset to the west of centre. This offset could be due
to the peculiar velocity of the BHXB over its lifetime (see
§4.3 and §4.4 for details). We also observe shock tracing
molecules (SiO, CS, CH3OH) in this velocity range coinci-
dent with the brightest radio hot-spots in the northern and
southern lobes, and possibly along the ring-shaped struc-
ture as well. Further, in addition to the 0–60 km s−1 emis-
sion, we identify an isolated molecular cloud (in the HCO+,
HCN, HNCO, and CS molecules) at a central velocity of
−140 km s−1, located to the north-east of the radio lobe struc-
tures (see Figure B8 in Appendix B). Our new ALMA line
detections are consistent with past lower resolution IRAM
molecular detections in this region, which also show HCO+
and CS components in the 0–60 km s−1 velocity range and
near −140 km s−1, all with peak intensities < 1 K (Mirabel
et al. 1991).
3.3 Properties of the Molecular Gas
In §3.2, we identified several intriguing molecular structures
that may be connected to jet impact sites near the BHXBs
GRS 1758−258 and 1E 1740.7−2942. The GRS 1758−258 re-
gion displays two molecular components along our line of
sight; 50–100 km s−1 structures coincident with the southern
lobe (identified in our new ALMA data), and an isolated
220 km s−1 cloud coincident with the northern lobe (iden-
tified in Mart´ı et al. 2017). Similarly, the 1E 1740.7−2942
region displays 0–50 km s−1 structures surrounding and co-
incident with the radio lobes, and an isolated −140 km s−1
cloud to the north-east of the radio lobes (both identified
in our new ALMA data). Here we present a more detailed
analysis of the spectral line characteristics and kinematics of
the GRS 1758−258 (Figures 4, 5, and 6) and 1E 1740.7-2942
(Figures 7, 8, and 9) molecular structures, to investigate
which emission structures are most likely to be related to
the BHXB and its radio lobes.
Figure 4 displays molecular line spectra across three
different regions of interest near GRS 1758−258 (northern
lobe, southern lobe “top”, southern lobe “bottom”). As with
the maximum intensity maps of this region (Figure 2), we
do not detect any clear line emission in the northern lobe,
but the southern lobe shows lines with multi-peaked profiles,
and intensities of tens to hundreds of mK. In particular, we
can identify two multi-peaked 13CO components across the
southern lobe (central velocities of ∼ 72 and ∼84 km s−1;
marked by black arrows in Figure 4). The HCN emission
displays a similar pattern to 13CO, where we see lower ve-
locity and higher velocity components in the bottom portion
of the southern lobe, although no HCN emission is detected
in the top portion of the southern lobe. In the CS emission,
we detect both the lower velocity and higher velocity compo-
nents throughout the whole southern lobe. Multi-peaked line
profiles indicate the presence of multiple gas components at
different velocities (i.e., ordered flow in different directions),
and wide line profiles indicate a continuum of velocities con-
sistent with a turbulent molecular medium, both of which
could be induced by a collision between the jet and molecular
gas. Thus the distinct lower and higher velocity components
(especially seen in 13CO) may be consistent with gas flowing
in different directions, where gas is being pushed both to-
wards and away from us along our line of sight. In contrast,
the spectra of the emission located away from the suspected
interaction site (Figure 6) displays a clear single component
line profile, and thus no evidence of a collision in the gas.
Moreover, Figure 4 also shows that the HCN/13CO intensity
ratio5 in the southern lobe approaches ∼ 0.6, which is quite
atypical for the Galactic ISM (e.g., the ratio is 0.025 in the
Orion B molecular cloud, Pety et al. 2017), and could sug-
gest an external process is enhancing the HCN abundance
in this region.
To further investigate the dynamics of the gas across the
southern lobe region in GRS 1758−258, we created position-
velocity diagrams of the 13CO, HCN, and CS molecules
through a slice along the eastern outer edge of the lobe
(see Figure 5). In these position-velocity diagrams, we ob-
serve that the 13CO emission at an offset of 45–75′′ along
the slice appears to be spectrally displaced, being pushed
to lower velocities. Further, the HCN and CS emission ap-
pears to show gas in this same region with a broad spread in
velocity space, that could indicate multiple different veloc-
ity components blended together. These kinematic features
may be consistent with the hydrodynamic backflow theory
presented by Mart´ı et al. (2017), where jet particles hit the
terminating end of a cavity and are reflected back along the
cavity edge. Such a reflection would likely push molecular
gas in different directions and create molecular components
at different velocities.
Figures 7, B2, B3, B4, and B7 display molecular
line spectra across different regions of interest near 1E
5 Note that since we do not have single dish data, it is possible
that spatial filtering is preventing us from recovering CO emission
on larger scales, and thus contributing to the large HCN/CO and
HCO+/CO ratios seen here. Self-absorption from foreground gas
may also suppress the brightness of the CO emission. See § 4.1
for details.
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Figure 2. Maximum intensity maps of the field surrounding the BHXB GRS 1758−258. The main panels display the ACA data alone,
while the inset panels display the combination of ACA + 12m array data for the southern lobe region. Here we show emission from
the 13CO (density tracer; left), HCN (density tracer; middle), and CS (shock and density tracer; right) molecules, in the velocity range
50− 100 km s−1 (in units of Kelvin). The colour scale represents the intensity of the molecular emission (the colour bar range for the inset
panels have the same lower limits as the main panel, but upper limits of 1.5, 0.45, and 0.8 K for panels left through right, respectively),
while the white contours represent continuum radio emission (masked to only show the radio lobes, contour levels are 2n× the rms noise
of 3.5µJy bm−1, where n = 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5; see §2.2). The red ellipses indicate the ALMA beams. In these ALMA data, while
we do not detect any significant molecular emission in the northern lobe, we identify a bright molecular structure in both density and
shock tracing molecules at the southern lobe, possibly tracing the edge of a jet-blown cavity.
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Figure 3. Maximum intensity maps of the field surrounding the BHXB 1E 1740.7−2942. The main panels display the ACA data alone,
while the inset panels display the combination of ACA + 12m array data. Here we show the HCN (density tracer; left), HCO+ (density
tracer; middle), and SiO (shock tracer; right) molecules, in the velocity range 0−60 km s−1 (in units of Kelvin). The colour scale represents
the intensity of the molecular emission (the colour bar range for the inset panels have the same lower limits as the main panel, but upper
limits of 2.0, 0.85, and 0.5 K for panels left through right, respectively), while the white contours represent continuum radio emission
(masked to only show the radio lobes, contour levels are 2n× the rms noise of 8µJy bm−1, where n = 2.0, 2.5, 3.0, 3.5, 4.0, 5.0, 6.0; see §2.2).
The red ellipses indicate the ALMA beams. In these ALMA data, we identify an elongated molecular ring structure surrounding the
central BHXB, possibly tracing a jet-blown cavity, and shock tracing emission coincident with the radio lobes aligned with the jets.
1740.7−2942 in the 0–60 km s−1 velocity range (south-east
edge of the molecular ring structure, northern lobe and
north-west edge of the molecular ring structure, and the
southern lobe). Similar to our ALMA detections in the GRS
1758−258 field, the spectra in the 0–60 km s−1 velocity range
here show many lines with wide and/or multi-peaked pro-
files, which is indicative of a collision occurring in the molec-
ular gas. Through comparing the HCO+ and HCN emission
in this velocity range across the different spectral extraction
regions, the north-west edge of the molecular ring shows a
lower velocity component when compared to the south-east
edge of the ring. A similar pattern is observed in the SiO
emission, where the northern lobe shows lower velocity gas
when compared to the southern lobe. These results suggest
a velocity gradient across the molecular ring structure and
between shock-tracing emission in the radio lobes. In con-
trast, the spectra of the emission away from the suspected
interaction site (Figure 9) and the isolated cloud in the -180
to -100 km s−1 velocity range (Figure B8) display clear single
component line profiles, and thus no evidence of a collision
in the gas. Additionally, Figures B5 and B6 show a distinct
lack of CO emission coincident with the HCN/HCO+ ring
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Figure 4. Spectra of the molecular emission detected in the field surrounding the BHXB GRS 1758−258. The left three panels
display spectra of the 13CO, HCN, and CS molecules. The right panel displays the spectral extraction regions (boxes), on top of a
maximum intensity map of the 13CO emission from ACA data only (background colourmap and colourbar indicate intensity in Kelvin)
and radio continuum emission (white contours masked to only show the radio lobes; levels are 2n× the rms noise of 3.5µJy bm−1, where
n = 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5; see §2.2). The spectra in the northern lobe region (purple/solid line box) are extracted from ACA data
only (as our 12m data do not cover the northern lobe), while the spectra in the southern lobe regions (green/dashed and cyan/dash-
dotted line boxes) are extracted from the combined ACA + 12m data. We identify two multi-peaked components in the southern lobe
(green/dashed and cyan/dash-dotted line boxes, marked by the black arrows), with no molecular emission detected in the northern lobe
(purple/solid line box).
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Figure 5. Kinematic analysis of the molecular emission through a slice along the eastern edge of the southern radio lobe in the field
surrounding GRS 1758−258. The left three panels display position-velocity diagrams of the 13CO (contour levels of 0.1, 0.15, 0.2, 0.3,
0.4, 0.6 K), HCN (contour levels of 0.1, 0.15, 0.2, 0.4 K), and CS (contour levels of 0.1, 0.15, 0.2, 0.4, 0.6 K) molecules, using the ACA
+ 12m data combined. The right panel indicates the position-velocity slice (cyan rectangle; the blue dot indicates the zero point of the
position-velocity slice, and the white dots indicate the offset along the slice in increments of 15′′) on top of the 13CO maximum intensity
map (ACA + 12m data) and the radio continuum emission (white contours masked to only show the radio lobes; levels are 2n× the rms
noise of 3.5µJy bm−1, where n = 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5; see §2.2). At an offset of 45–75′′ along the slice, the 13CO emission appears to
be spectrally displaced, being pushed to lower velocities when compared to the neighbouring emission. Additionally, the HCN and CS
emission in this same region span a wide range in velocity space.
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Figure 6. Comparison spectra of molecular emission in the
GRS 1758−258 field (in the velocity range 40 to 110 km s−1), away
from the suspected interaction site and unlikely associated with
GRS 1758−258. The bottom panel displays a maximum intensity
map of the 13 CO molecule (ACA data only), where the colour
scale represents the intensity of the molecular emission, while the
white contours represent continuum radio emission (masked to
only show the radio lobes; contour levels are 2n× the rms noise of
3.5µJy bm−1, where n = 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5; see §2.2). The
red ellipse indicates the ACA beam. The top panel displays the
spectra of the emission in the spectral extraction region indicated
by the green square, from ACA data only (as our 12m data does
not cover this region). 13CO is the only molecule detected away
from the suspected interaction site, and this emission shows a
single component line structure.
emission (atypical for the Galactic ISM; Pety et al. 2017),
suggesting that, similar to the GRS 1758−258 results, an ex-
ternal process is enhancing the HCN/HCO+ abundance in
this region5.
To further investigate the dynamics of the molecular gas
near 1E 1740.7−2942, we created position-velocity diagrams
of the HCO+ and HCN molecules through an elliptical slice
directed clockwise around the ring structure (see Figure 8).
In these position-velocity diagrams, we confirm a velocity
gradient between the northern and southern edges of the
molecular structures, where the gas on the northern side of
the ring/lobes is moving at slower velocities along our line
of sight when compared to the gas on the southern side,
and the most extreme velocities are seen on opposite sides
of the ring (19 and 190′′ offsets). These kinematic features
may be consistent with the ring tracing an expanding bubble
structure, where the SiO/CH3OH emission could in turn
be tracking outward moving (relative to the central BHXB)
shocks in the radio lobe regions, both potentially driven by
the BHXB jets.
4 DISCUSSION
4.1 Distance constraints
Currently, no independent distance constraints exist for ei-
ther GRS 1758−258 or 1E 1740.7−2942. For a jet-ISM in-
teraction to be occurring, both the BHXBs and the molec-
ular gas must be located at the same distance. Therefore,
our detection of molecular gas structures that are consis-
tent with being powered by the GRS 1758−258 and 1E
1740.7−2942 jets, allows us to constrain the distance to both
objects. The molecular emission provides kinematic informa-
tion, where we observe emission with velocities near vLSR =
(78±10) km s−1 for GRS 1758−258 and vLSR = (20±6) km s−1
for 1E 1740.7-2942. This information can be converted into a
kinematic distance, but kinematic distances are unreliable at
these Galactic longitudes near the Galactic centre (l = 4.51
and l = 359.12 for GRS 1758−258 and 1E 1740.7−2942,
respectively; Balser et al. 2015). For example, using the
methodology of Wenger et al. (2018), we find distances rang-
ing from 3 to 18 kpc in the case of 1E 1740.7−2942, and
better constrained distances for GRS 1758−258 between 8.0
and 8.7 kpc.
Additionally, kinematic distance methods assume ob-
jects are moving on disc-like orbits, and are not in the cen-
tral molecular zone (CMZ) of the Galaxy. In our data, the
characteristic line widths of the molecular emission are quite
large on relatively small angular scales (σv ∼ 5 km s−1 on
30′′ scales; see Figures 6 and 9), and we can use these line
widths to characterize the distance to the molecular gas in
both fields. In particular, the molecular ISM is turbulent,
where one of the manifestations of these turbulent flows is
a relationship between the size (R) of molecular gas struc-
tures compared to their line widths, here expressed in terms
of the velocity dispersion σv . Thus, σv = σ0(R/1 pc)β , where
typical molecular clouds in the disc of the Milky Way show
σ0 ∼ 0.7 km s−1 and β = 0.5 (Solomon et al. 1987, hereafter
S87), while the CMZ has notably larger line widths of molec-
ular gas features on a given spatial scale, when compared to
gas found in the disc of the Galaxy.
In Figure 10, we show the size-line width relationship for
the molecular gas structures seen in the ALMA HCO+ emis-
sion for both fields. The structures are measured from the
analysis size structures found in the dendrogram of the emis-
sion, following the methods outlined in Rosolowsky et al.
(2008) and Kauffmann et al. (2017, hereafter K17). Briefly,
the dendrogram method measures the contour levels (isosur-
faces) in the position-position-velocity data cube of emission.
The dendrogram summarizes how those contour levels merge
together as a function of changing contour level, identifying
the contour levels just above the values where objects blend
together. Then, the algorithm measures the properties of
emission for that contour including the radius (spatial ex-
tent) and the line width (velocity extent) of the emission
contour. The radius and line width of the emission struc-
tures will be related by the velocity power spectrum of the
turbulent flow (Mac Low & Klessen 2004). The radius of
structures is corrected for the telescope beam and scaled to
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Figure 7. Spectra of the molecular emission detected in the field surrounding the BHXB 1E 1740.7−2942. The left three panels display
spectra of the HCO+, SiO, and HCN molecules. The right panel displays the spectral extraction regions (boxes), on top of a maximum
intensity map of the HCN emission from ACA + 12m data (background colourmap and colourbar indicate the intensity in Kelvin)
and radio continuum emission (white contours masked to only show the radio lobes; levels are 2n× the rms noise of 8µJy bm−1, where
n = 2.0, 2.5, 3.0, 3.5, 4.0, 5.0, 6.0; see §2.2). The spectra in all regions are extracted from the ACA + 12m data. In all of the molecules, the
lines peak at a lower velocity on the northern edge of the molecular ring (green/dashed line box) and at a higher velocity on the southern
edge of the ring (purple/solid and cyan/dash-dotted line boxes), possibly indicating a velocity gradient across the ring and radio lobe
structures.
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Figure 8. Kinematic analysis of the molecular emission through a slice around the ring structure surrounding 1E 1740.7−2942. The
left two panels display position-velocity diagrams of the HCO+ (contour levels of 0.1, 0.2, 0.3, 0.4, 0.6, 0.8, 1 K) and HCN (contour
levels of 0.2, 0.4, 0.6, 0.8, 0.12, 0.16, 2 K; intensity colour map is scaled down by a factor of 2 here) molecules, using the ACA + 12m
data combined. The right panel indicates the position-velocity slice (cyan ring; the blue dot indicates the zero/end point of the position-
velocity slice, and the white dots indicate the offset along the slice moving clockwise in increments of 19′′) on top of the HCN maximum
intensity map (ACA + 12m data) and the radio continuum emission (white contours masked to only show the radio lobes; levels are 2n×
the rms noise of 8µJy bm−1, where n = 2.0, 2.5, 3.0, 3.5, 4.0, 5.0, 6.0; see §2.2). These position-velocity diagrams display a velocity gradient
across the ring, where the gas on the northern edge of the ring is being pushed to lower velocities (U shape at 19′′ offset) and the gas on
the southern edge is being pushed to higher velocities (upside down U shape at 190′′ offset). This kinematic structure may be consistent
with the ring tracing an expanding bubble structure.
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Figure 9. Comparison spectra of molecular emission in the
1E 1740.7−2942 field (in the velocity range −30 to 60 km s−1),
away from the suspected interaction site. The bottom panel dis-
plays a maximum intensity map of the HCO+ molecule (ACA
data only), where the colour scale represents the intensity of
the molecular emission, while the white contours represent con-
tinuum radio emission (masked to only show the radio lobes;
contour levels are 2n× the rms noise of 8µJy bm−1, where n =
2.0, 2.5, 3.0, 3.5, 4.0, 5.0, 6.0; see §2.2). The red ellipse indicates the
ACA beam. The top panel displays the spectra of the emission in
the spectral extraction region indicated by the green square, from
ACA data only (as our 12m data does not cover this region). All
the molecules detected away from the suspected interaction site
show a single component line structure, with the HCN emission
showing much brighter peak temperatures than HCO+ or SiO.
match the measurements used in S87. We measure a phys-
ical size for the regions by assuming a fiducial distance of
D = 8 kpc, where the sizes would scale linearly with dis-
tance, and the velocity dispersions would not change with
assumed distance. We compare our observed data to the
size-line width relationships deduced by S87 for the disc of
the Galaxy and by K17 for clouds in the CMZ. Assuming
D = 8 kpc, the gas around our candidate jet-ISM regions
clearly shows turbulent velocity scalings consistent with be-
ing found in the high-pressure CMZ. If the molecular gas
structures were considerably closer or farther, then they
would no longer be in the CMZ and their size-line width
scalings would be anomalous. Thus, assuming these molecu-
lar emission structures represent a true jet-ISM interaction,
this constrains the originating source to be in the CMZ, and
thus the distance of the BHXBs to be D = 8.0 ± 1.0 kpc.
If these sources are indeed in the CMZ, we must show
care when interpreting the line ratios between different
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Figure 10. The size-line width relationship for HCO+ emission
structures in our ALMA data for both BHXBs. Here we show the
velocity dispersion as a function of the beam-deconvolved effective
radius of molecular gas emission regions, determined from a den-
drogram analysis (where the sizes assume a distance of D = 8 kpc).
The solid line shows the relationship of S87 for the Milky Way
disc, and the dashed line shows the more turbulent clouds pre-
sented in K17, that are found in the CMZ. The characteristic
HCO+ line widths on a given scale observed in our data are con-
sistent with the molecular emission (and presumably the BHXBs
as well) being found in the CMZ.
species. In particular, transitions to the ground state may
be heavily self-absorbed, and molecular emission is found
throughout the medium. The absence of single dish data
in our observations may indicate that a significant amount
of the emission has been spatially filtered out by the inter-
ferometer. Therefore, to counteract these issues, in the fol-
lowing section when discussing evidence for jet-ISM interac-
tions, we focus on the kinematic structures in the emission
and on the comparison of emission between the dense gas
tracers.
4.2 Evidence for jet-ISM interactions
In both the GRS 1758−258 and 1E 1740.7−2942 fields, we
have identified new molecular structures that could be asso-
ciated with the jets in these BHXBs. We summarize our key
evidence for each target in this section.
GRS 1758−258: Our ALMA observations revealed a
molecular structure and shock tracing emission in the ve-
locity range 50–100 km s−1, detected with the 13CO, HCN,
CS, and SiO molecules. This molecular gas is spatially coin-
cident with the eastern edge of the southern radio lobe, and
appears to be aligned along the edge of the previously sug-
gested cavity and back-flowing material identified in deep
radio continuum data (Mart´ı et al. 2015; Mart´ı et al. 2017).
We observe intriguing chemistry and kinematics from this
MNRAS 000, 1–18 (2020)
GRS 1758−258 & 1E 1740.7−2942 13
17h44m00s 43m56s 52s
-29◦43’30”
44’00”
30”
45’00”
30”
46’00”
Right Ascension (J2000)
D
ec
li
n
at
io
n
(J
20
00
)
Measurement Confidence
1 3 5 10 20 0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
H
C
O
+
/H
C
N
Figure 11. HCO+/HCN intensity ratio along the molecular ring
structure surrounding the BHXB 1E 1740.7−2942. Here we com-
pute the ratio by extracting spectra of both molecules along the
center of the elliptical shaped slice from Figure 8. The colour
scale/bar indicates the value of the HCO+/HCN ratio, the size of
the markers represents the measurement confidence (ratio/σratio,
as shown by the legend at the bottom of the panel), and the
black contours represent continuum radio emission (masked to
only show the radio lobes; contour levels are 2n× the rms noise of
8µJy bm−1, where n = 2.0, 2.5, 3.0, 3.5, 4.0, 5.0, 6.0; see §2.2). The
HCO+/HCN ratio varies along the elliptical path tracing the
molecular ring structure, with the higher values located on the
side of the ring farthest from the BHXB. For comparison, the
HCO+/HCN ratio in the off emission region (see Figure 9), lo-
cated to the south of the suspected interaction site, is ∼ 0.4.
molecular emission towards the southern lobe. In particu-
lar, the spectrum of the 13CO emission shows two velocity
components, which may indicate displacement of the gas
by the jet. However, these two components could alterna-
tively indicate self-absorption of the profile. To try to resolve
this ambiguity, we can examine the CS, SiO, and HCN line
properties. The CS and SiO lines are particularly helpful, as
these lines represent transitions between excited states, and
thus are less subject to self-absorption in the ground state.
Both the CS and SiO lines show single components near
vLSR ∼ 83 km s−1, while the HCN emission has an emis-
sion maximum at vLSR ∼ 89 km s−1, with a much broader
line profile. As the HCN line is actually made up of sev-
eral hyper-fine components, we attempted to fit a hyper-fine
model to these lines of sight. This fitting process yielded
a central velocity for the HCN emission closer to that of
the CS/SiO emission of vLSR = 85 km s−1; however, match-
ing the amplitudes of the HCN emission with our model
required anomalous excitation of the hyper-fine structure.
Specifically, the hyperfine components of HCN have fixed
ratios of optical depths. The only way to fit the observed
hyperfine ratios is for the different components to have dif-
ferent excitation temperatures. Such conditions can occur
under in non-LTE models (e.g., van der Tak et al. 2007),
but assessing whether the excitation conditions are physi-
cal would require full three-dimensional radiative transfer
modelling beyond the scope of this work. Practically, we de-
termined the velocity by fitting the HCN hyperfine emission
pattern to the line allowing the ratios between the compo-
nents to vary as free parameters. Therefore, we conclude that
this molecular structure, located exactly on the limb of the
non-thermal radio emission from the jet, is consistent with a
knot of dense molecular gas that has been compressed6 and
displaced by 7 km s−1 with respect to the ambient gas in the
region. Lastly, we note that the non-detection of HCO+ emis-
sion in this region, is consistent with the expected brightness
ratios of I(HCN)/I(HCO+)> 10, common in many parts of
the CMZ (Pound & Yusef-Zadeh 2018).
In the scenario where the southern lobe represents the
receding jet7, gas in this lobe flowing in the same direction
of the jet would appear to be at higher velocities along our
line of sight, and gas flowing in the direction opposite to
the jet would appear to be at lower velocities along our line
of sight. Therefore, we postulate that the following scenario
produces the observed molecular gas features: Over time the
jet has blown out a cavity in the surrounding gas. As the jet
continues to propagate into the cavity, it will hit the south-
ern end of the cavity (driving molecular gas away from us,
thereby creating higher velocity molecular components) and
be reflected back toward the BHXB (driving molecular gas
towards us along the edge of evacuated cavity, thereby creat-
ing lower velocity molecular components). In this scenario,
the lack of molecular emission in the northern interaction
region could simply indicate a lack of molecular gas in that
region.
1E 1740.7−2942: Our ALMA observations revealed a
molecular ring structure and shock tracing emission in the
velocity range 0–60 km s−1, detected with the HCN, HCO+,
SiO, CS, HNCO, and CH3OH molecules. The spectra and
kinematic analysis of this molecular emission suggest that
there is a velocity gradient across the ring structure, and
between the SiO hot-spots, where gas on the northern side
of the structures is moving more slowly along our line of
sight than gas on the southern side of the structures. Similar
to GRS 1758−258, if the northern lobe arises from the ap-
proaching jet and the southern lobe arises from the receding
jet, we expect gas moving in the same direction of the jet to
be moving faster along our line of sight in the southern lobe
when compared to the northern lobe. The direction of the
velocity gradient we observe across the molecular ring, and
the two extreme gas velocities observed on opposite sides of
the ring, are consistent with such a scenario.
Additionally, the detection of the ring shaped cavity in
the HCO+/HCN molecules is another clue pointing towards
a connection between the BHXB source and the molecu-
lar gas. In particular, enhancement of the HCO+ molecule
in the ISM has been predicted to occur near high energy
sources. Krolik & Kallman (1983) studied how different ion-
6 The effective critical densities for CS and HCN are (8000 cm−3,
Shirley 2015).
7 It is currently unknown which side of the jet in either GRS
1758−258 or 1E 1740.7−2942 is approaching or receding. While
there is a clear difference in the radio brightness of the lobes in
both systems (the northern lobe is brighter in both cases), the
lobes are likely non-relativistic (as seen from our shock speed es-
timate in §4.3 and the motion resolved by Mart´ı et al. 2015). This
implies that the brightness difference cannot be due to Doppler
boosting effects and thus does not distinguish which jet is ap-
proaching/receding.
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ization rates affect HCO+ abundance, finding that while ion-
ization rates close to the X-ray source would be high enough
to inhibit HCO+ formation, lower rates farther away from
the X-ray source could actually result in an increased abun-
dance of this molecule. This is particularly striking when
compared to the weak HCO+ emission in GRS 1758−258
and other sources in the CMZ. In fact, Phillips & Lazio
(1995) modelled ionization rates and cloud densities near
1E 1740.7−2942, finding that at a ∼ 1 pc distance from the
X-ray source (consistent with the location of our detected
ring structure), the ionization rate would reach the value
needed to enhance HCO+ abundances. We observe a pat-
tern consistent with this prediction in our data. In particu-
lar, Figure 11 displays the HCO+/HCN intensity ratio along
the ring structure, where we clearly observe a variation in
the HCO+/HCN ratio across the ring, with a larger value
in the portion of the ring located farthest away from the
central X-ray source. Additionally, this process may also ex-
plain why we observe strong HCO+/HCN emission in the
absence of CO in this region.
Given the above evidence, we postulate that the molec-
ular ring represents an expanding bubble structure, blown
out by the BHXB jets and X-ray radiation from the central
BHXB, and the SiO hot-spots represent terminating shocks
at the edges of this bubble structure. As the molecular cloud
we detected at −140 km s−1 (FWHM line width of 5 km s−1)
shows no kinematic or spectral features that would indicate
a collision in the gas, we postulate this emission represents
an isolated cloud near the Galactic centre.
4.3 Deriving jet properties
In GRS 1758−258 and 1E 1740.7−2942, we have identified
molecular structures that appear to be jet blown cavities
surrounding the BHXB systems. Using a calorimetric ap-
proach, we can estimate the time averaged power that the
BHXB jets would need to carry in order to create and main-
tain such structures in the local ISM. Following the model
of Kaiser & Alexander 1997 (with the formalism outlined in
§5.4 and Appendix C in Tetarenko et al. 2018), the total jet
power (averaged over the jet’s lifetime) as a function of ISM
properties at the impact sites can be represented as
Qjet =
(
5
3
)3 ρ0
C51
L2Jv
3. (1)
Here LJ represents the length of the jet path, ρ0 represents
the density of the molecular medium with which the jet is
colliding, v represents the velocity of the shocked gas at the
interaction site, and C1 is a constant dependent on the adi-
abatic indices of the material in the jet, cavity, and external
medium, as well as the jet opening angle.
To estimate the length of the jet path, we use the an-
gular extents of the radio lobes (larcsec, measured in the di-
rection parallel to the jet axis), the distance to the source
(D in kpc), and the inclination angle of the jet axis (i, to
account for the projection effects), to yield,
LJ = (1.5 × 1016)D larcsecsin i cm.
While the jet opening angle can be expressed as,
θ = arctan(warcsec/larcsec),
where warcsec represents the angular extents of the radio
lobes at the terminating edges, measured in the direction
perpendicular to the jet axis.
To estimate the density of the molecular medium, we
first compute the H2 column density (using the formulation
in Mangum & Shirley 2015, assuming optically thin emis-
sion and fractional abundance ratios of 13CO/H2 = 6×10−5,
HCO+/H2 = 3 × 10−9; Wilson & Rood 1994; Gerin et al.
2019). From this we can estimate the mass of molecular gas
in each region. This procedure yields estimates of 7.4D2M
in the southern molecular structure of GRS 1758−258 and
210D2M in the ring structure surrounding 1E 1740.7−2942.
To check that our H2 column density measurements are rea-
sonable, we compare the range of column densities that we
calculated in each region to the column density obtained in-
dependently from X-ray spectral fitting of the target sources,
although we note the latter may include extinction near
the accretion disc, but not near the radio lobes. In GRS
1758−258, X-ray spectral fits find NH = 1.6 × 1022 cm−2 (So-
ria et al. 2011), which lies within the broad range we ob-
serve in our molecular column density maps, NH = 3.2 ×
1018 − 4.8× 1022 cm−2. In 1E 1740.7-2942, X-ray spectral fits
find NH = 1.05 × 1023 cm−2 (Gallo & Fender 2002), which
lies within the broad range we we observe in our molecular
column density maps8, NH = 1.0 × 1019 − 4.4 × 1023 cm−2.
We then model the GRS 1758−258 molecular struc-
ture as an ellipsoid (major and minor axes of 95′′ and 40′′;
V = 2.6 × 1053D3 f cm3), and the 1E 1740.7−2942 molecular
structure as a partially hollow ellipsoid (major and minor
axes of 118′′/90′′ and 75′′/50′′ for outer/inner portions, re-
spectively; V = 7.6 × 1053D3 f cm3), where f represents the
volume filling factor9. Combining the mass and volume es-
timates yields a density for GRS 1758−258 of, ρ0,1758 =
5.7 × 10−20D−1 f −1 g cm−3 and a density for 1E 1740.7−2942
of ρ0,1740 = 5.5 × 10−19D−1 f −1 g cm−3. As with the column
density, to check that these density measurements are rea-
sonable, we can compare our estimates to the critical den-
sities needed for our highest density tracing molecules de-
tected to form; ncrit of the HCO+ (1-0), HCN (1-0), and
CS (2-1) molecules are equivalent to 104 − 105cm−3 (Shirley
2015). Using D = 8.0 kpc and f = 0.1 (see §4.1 and below
for details on these choices), we estimate that the number
densities for the gas in the GRS 1758−258/1E 1740.7−2942
regions are equivalent to ρ0/mH = 2.1 × 104/2.1 × 105 cm−3,
both of which are in line the expected range of densities
needed for emission from these molecules to be excited.
To calculate the time-averaged jet power for each sys-
tem, we use Equation 1 with inputs of D = 7.0 − 9.0 kpc for
GRS 1758−258 and 1E 1740.7−2942 (see §4.1), v = 15 km s−1
(equivalent to the approximate FWHM of the shock-tracing
CS and SiO lines), larcsec = 90′′/25′′ and warcsec = 30′′/8′′
for GRS 1758−258/1E 1740.7−2942 (the dimensions of the
southern radio lobes), filling factor of f = 0.1 (a reasonable
assumption given that the jet is displacing molecular gas),
i = 30 deg or i = 80 deg (as inclination angle is unknown for
8 We note that a previous study (Vilhu et al. 1997) calculated
the column density from lower spectral and angular resolution
observations of the CO molecule in this region to be NH = (3 −
11) × 1022 cm−2, which is also in line with our measurements.
9 f  1 would represent a completely hollow ellipsoid.
MNRAS 000, 1–18 (2020)
GRS 1758−258 & 1E 1740.7−2942 15
both systems10, we consider two extremes here), and adi-
abatic indices of the jet, cavity, and external medium of
Γj = Γc = Γx = 5/3. If the jets are pointing closer to our line
of sight (i = 30 deg), these calculations yield a time averaged
jet power of (4.4 − 5.7) × 1036erg s−1 over 0.24–0.31 Myr for
GRS 1758−258 and (2.7−3.5)×1037erg s−1 over 0.20–0.26 Myr
for 1E 1740.7−2942. If the jets are aligned closer to the plane
of the sky (i = 80 deg), these calculations yield a time aver-
aged jet power of (1.1−1.5) ×1036 erg s−1 over 0.12–0.16 Myr
for GRS 1758−258 and (7.1−9.1)×1036 erg s−1 over 0.10–0.13
Myr for 1E 1740.7−2942. These jet power estimates lie close
to the distribution of estimated jet powers in the BHXB pop-
ulation (∼ 1036 −1038erg s−1; Curran et al. 2014), reinforcing
our hypothesis that the BHXB jets are driving the molecular
structures we have detected in the fields surrounding GRS
1758−258 and 1E 1740.7−2942.
4.4 Other mechanisms driving the excited
molecular emission
In this Section, we explore alternative scenarios (namely star
formation, supernova explosions, stellar winds, and accre-
tion disc winds) that could create the molecular emission
structures we have identified in the fields surrounding GRS
1758−258 and 1E 1740.7−2942.
In our previous study of the jet interaction sites near
GRS 1915+105, we found that the energy released by the
high mass star formation process, in addition to a BHXB
jet, was powering the radio lobe structure to the south of
the central source (Tetarenko et al. 2018). However, in the
cases of both GRS 1758−258 and 1E 1740.7−2942, there is
a distinct lack of extended near-infrared emission (8µm and
5.8µm; see Spitzer GLIMPSE maps in Figures A1 and A2) in
the fields surrounding the BHXBs, likely indicating a lack of
high mass star formation activity occurring in these regions.
In 1E 1740.7−2942, we identified a ring-like molecular
structure surrounding the central BHXB, whose morphology
could also be consistent with that of a supernova remnant
(i.e., similar to XRB Circinus X-1 surrounded by its natal
supernova remnant; Heinz et al. 2013). This opens up the
possibility that the ring structure was not created by the
BHXB jets, but rather represents the supernova remnant
associated with the 1E 1740.7−2942 black hole or a chance
projection of an unrelated supernova remnant. The typical
kinetic energies produced by supernova explosions are ∼ 1051
erg (Chevalier 1977; Korpi et al. 1999; Rubin et al. 2016),
which is close to the energy range that we estimate was
needed to create the molecular ring structure (∼ 1049 − 1050
erg; see §4.3). However, while this scenario is plausible from
an energetics perspective, there are several inconsistencies
with the supernova theory; we estimate a shock velocity of
15 km s−1 from the SiO emission in the region (see §4.3),
which is much slower than velocities expected from a typ-
ical supernova driven forward shock (thousands of km s−1;
Rubin et al. 2016), and there is no detection of extended
10 We note that a previous radio study (Luque-Escamilla et al.
2015) and a recent X-ray reflection study (Stecchini et al. 2020)
of 1E 1740.7−2942, both favour a higher inclination angle (> 50
degrees) in this particular system.
radio/X-ray emission (originating from non-thermal syn-
chrotron/thermal bremstrahlung emission) consistent with
the location of the molecular ring, as is typical for supernova
forward shocks. Furthermore, if we interpret the offset in po-
sition of 1E 1740.7−2942 from the centre of the molecular
ring as due to the BHXBs peculiar motion11 over its life-
time (driven by the natal kick the system received at birth),
given the estimated ages from §4.3, this implies a very small
peculiar velocity12 of ∼ 5 km s−1. Such a small peculiar veloc-
ity would be indicative of the black hole in 1E 1740.7−2942
forming by direct collapse rather than a supernova explo-
sion at all (Atri et al. 2019). Given the above arguments,
we hypothesize that the molecular ring structure near 1E
1740.7−2942 is unlikely to represent a supernova remnant.
Lastly, other forms of outflows originating in the BHXB
systems could drive the molecular structures we observed
near GRS 1758−258 and 1E 1740.7−2942; e.g., either an ac-
cretion disc wind or a stellar wind from a high mass donor
star. There are currently no detections13 of accretion disc
winds in either source, with Ponti et al. (2012) only provid-
ing an upper limit for the presence of a disc wind in GRS
1758−258. Furthermore, as both sources are known to spend
the majority of their lifetimes in a hard accretion state, in
which disc winds are not expected to be present (Ponti et al.
2012), we find it unlikely that accretion disc winds are signif-
icantly contributing to driving the molecular structures. The
current best candidates for the donor star in 1E 1740.7−2942
are all high mass stars, implying that the strong stellar wind
from the donor may drive or contribute to driving the molec-
ular ring structure near this system (e.g., similar to Cygnus
X-1, where a combination of the stellar wind and BHXB jet
is believed to be driving a bubble structure in the local ISM;
Sell et al. 2015, see also the simulations by Rey-Raposo et al.
2017 showing the significant effect that stellar feedback can
have on molecular clouds). However, in GRS 1758−258, the
potential detection of radio continuum structures moving at
∼ 2 arcsec yr−1 (equivalent to a speed of 0.25 c, at a distance
of 8.0 kpc; Mart´ı et al. 2015), disfavours a scenario where
the donor stellar wind plays a significant role, as the speeds
of these stellar winds are much slower (∼ thousands of km/s
or < 0.01 c). Ultimately, limited knowledge about the donor
stars in both systems prevents us from completely ruling out
that those stars contribute to the formation of the molecular
structures detected near these systems.
4.5 Identifying a molecular signature for jet
feedback
In our past molecular tracer study of the field surrounding
the BHXB GRS 1915+105 (Tetarenko et al. 2018), we dis-
covered that another feedback process, namely high mass
star formation, can manifest in an similar way as BHXB
11 This peculiar motion offset scenario could possibly be tested
with a proper motion measurement from Very Long Baseline In-
terferometry (VLBI) observations.
12 This small peculiar velocity estimate is consistent with 1E
1740.7−2942 being located close to the Galactic plane.
13 Although, we note that accretion disc winds are only observed
in more edge-on BHXB systems. Therefore, if either system has
a more face-on orientation (i.e., lower inclination angle), a disc
wind could be present, but not be detected.
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feedback in molecular gas. As such, it is of interest to try and
identify a molecular signature that is unique to BHXB jet
feedback. To this end, we compare the molecular tracer prop-
erties of the GRS 1915+105 study and the two target sources
presented in this work. While three sources is admittedly a
small sample, the molecular line properties between the in-
teraction sites near these sources seem to be vastly different
(e.g., GRS 1915+105 shows higher intensities, narrower line
widths, and different emission region morphology over dif-
ferent physical scales). Alternatively, perhaps the specific
molecules detected in a suspected interaction site, rather
than the line properties, could be more unique to BHXB
feedback effects. For example, as discussed above, HCO +
emission (and possibly other molecules as well, such as HCN,
CS; Yan & Dalgarno 1997) may be enhanced in the vicin-
ity of high energy X-ray sources. These specific molecules
also all have high critical densities, and thus are expected to
be present in more extreme environments (as expected near
BHXB sources), when compared to other molecules such as
CO (which is abundant throughout the Galaxy). Therefore,
we postulate that understanding the chemistry, in addition
to line properties and morphology, of molecular gas in po-
tential BHXB jet interaction regions may be key in uniquely
identifying these sites in our Galaxy. As such, sampling a
suite of molecular transitions, including those tracing high
density, ionization, and shocks (e.g., HCN and HCO+, SiO,
CS), may be the best way to continue to advance these ef-
forts.
5 SUMMARY
In this paper, we present the results of our ALMA observa-
tions of the fields surrounding the BHXBs GRS 1758−258
and 1E 1740.7−2942. Both of these sources are powerful
micro-quasars, which consistently accrete near their peak lu-
minosity, and have double-sided radio lobe structures within
a few pc of the central BHXB. As the brightness and mor-
phology of these radio lobes have undergone significant evo-
lution over the last decade, they are excellent candidates for
the impact sites of the BHXB jet on the local ISM.
With our ALMA data, we mapped the molecular line
emission in the fields surrounding GRS 1758−258 and 1
E1740.7−2942 and used the molecular gas properties to
search for signs of jet interactions in these regions. We de-
tected emission from the HCN [J = 1− 0], HCO+ [J = 1− 0],
SiO [J = 2−1], CS [J = 2−1], 13CO [J = 1−0], C18O [J = 1−0],
HNCO [J = 40,4 − 30,3], HNCO [J = 50,5 − 40,4], and CH3OH
[J = 21,1−11,0] molecules. This emission revealed new molec-
ular structures in both regions that appear to trace jet-blown
cavities in the surrounding gas. Using these molecular cavi-
ties as calorimeters, we estimate the time averaged jet pow-
ers from these systems, finding (1.1 − 5.7) × 1036 erg s−1 over
0.12−0.31 Myr for GRS 1758−258 and (0.7−3.5)×1037 erg s−1
over 0.10−0.26 Myr for 1E 1740.7−294, dependent on the dis-
tance to the systems and the inclination angle of the jet axes.
Additionally, the spectral line characteristics of the molecu-
lar emission we detected indicate these structures are most
likely located in the CMZ of our Galaxy, which constrains
the distances to these structures (and both BHXBs) to be
8.0 ± 1.0 kpc.
Overall, our work here demonstrates the efficacy of
astro-chemistry at pinpointing jet-ISM interaction zones
near BHXBs, and quantifying the effects of BHXB jet feed-
back in our Galaxy.
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APPENDIX A: MULTI-WAVELENGTH
COVERAGE MAPS
In this Section, we show infrared maps (24, 12, 8, and
5.8 µm) of the fields surrounding GRS 1758−258 and 1E
1740.7−2942; Figures A1 and A2.
APPENDIX B: OTHER MOLECULAR
EMISSION ALONG THE LINE OF SIGHT
In this Section, we show maps and spectra of other molec-
ular emission detected in the field surrounding the BHXBs
GRS 1758−258 and 1E 1740.7−2942, not shown in the main
text. Figure B1 displays the emission from the SiO molecule
in the velocity range 45 to 105 km s−1 for GRS 1758−258,
Figures B2 – B7 display emission from the CS, HNCO, CO,
and CH3OH molecules in the velocity range −30 to 60 km s−1
for 1E 1740.7−2942, and Figure B8 displays emission from
the isolated cloud detected in the velocity range −180 to
−100 km s−1 for 1E 1740.7−2942.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Figure A1. Multi-wavelength maps of the field surrounding the BHXB GRS 1758−258. The background colour images (in units of
mJy bm−1 shown by the colour bars at the top of each panel) are taken with Spitzer MIPSGAL (24µm), NASA WISE (12µm), and Spitzer
GLIMPSE (8µm and 5.8µm); see §2.3 for details. The white contours represent 6 cm archival VLA C-configuration continuum radio maps
from observations taken in 2016 March (see §2.2); contour levels are 2n× the rms noise of 3.5µJy bm−1 (n = 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5).
The diffuse mid-infrared emission (24µm and 12µm) likely originates from heated gas and dust, while the near-infrared emission (8µm
and 5.8µm) appears to be dominated by stellar emission.
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Figure A2. Multi-wavelength maps of the field surrounding the BHXB 1E 1740.7−2942. The background colour images (in units of
mJy bm−1 shown by the colour bars at the top of each panel) are taken with Spitzer MIPSGAL (24µm), NASA WISE (12µm), and Spitzer
GLIMPSE (8µm and 5.8µm); see §2.3 for details. The white contours represent 6 cm archival VLA C-configuration continuum radio maps
from observations taken in 2016 March (see §2.2); contour levels are 2n× the rms noise of 8µJy bm−1 (n = 2.0, 2.5, 3.0, 3.5, 4.0, 5.0, 6.0). The
diffuse mid-infrared emission (24µm and 12µm) likely originates from heated gas and dust, while the near-infrared emission (8µm and
5.8µm) appears to be mainly dominated by stellar emission.
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Figure B1. SiO emission (shock tracer) detected near the BHXB
GRS 1758−258 in the velocity range 45 to 105 km s−1 (in units
of Kelvin). The bottom panels display maximum intensity maps,
where the main panel displays the ACA data alone, while the
inset panel displays the combination of ACA + 12m array data.
The colour scale represents the intensity of the molecular emis-
sion (the colour bar range for the inset panel has the same lim-
its as the main panel), while the white contours represent con-
tinuum radio emission (masked to only show the radio lobes;
contour levels are 2n× the rms noise of 3.5µJy bm−1, where n =
1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5; see §2.2). The red ellipses indicate the
ALMA beams. The top panel displays the spectrum of the SiO
emission (ACA + 12m data) in the southern radio lobe (the cyan
square in the bottom inset panel represents the spectral extrac-
tion region). We detect SiO emission coincident with the peak of
our other shock tracer, CS, only in the combined ACA + 12m
array data. The SiO spectra shows a wide line profile, consistent
with a turbulent molecular medium.
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Figure B2. CS emission (shock tracer) detected near the BHXB
1E 1740.7−2942 in the velocity range −30 to 60 km s−1 (in units
of Kelvin). The bottom panels display maximum intensity maps,
where the main panel displays the ACA data alone, while the
inset panel displays the combination of ACA + 12m array data.
The colour scale represents the intensity of the molecular emis-
sion (the colour bar range for the inset panel has the same lower
limits as the main panel, but an upper limit of 2.0 K), while the
white contours represent continuum radio emission (masked to
only show the radio lobes; contour levels are 2n× the rms noise
of 8µJy bm−1, where n = 2.0, 2.5, 3.0, 3.5, 4.0, 5.0, 6.0; see §2.2). The
red ellipses indicate the ALMA beams. The top panel displays
the spectrum of the CS emission (ACA + 12m data) coincident
with the northern lobe (the cyan square in the bottom inset panel
represents the spectral extraction region). We detect CS emission
coincident with the northern side of the ring structure identified
in Figure 7, as well as additional CS emission to the south of
the ring structure. The CS spectrum shows a wide line profile,
consistent with a turbulent molecular medium.
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Figure B3. HNCO [J = 4−3] emission (density and shock tracer)
detected near the BHXB 1E 1740.7−2942 in the velocity range
−30 to 60 km s−1 (in units of Kelvin). The bottom panels displays
maximum intensity maps, where the main panel displays the ACA
data alone, while the inset panel displays the combination of ACA
+ 12m array data. The colour scale represents the intensity of the
molecular emission (the colour bar range for the inset panel has
the same lower limits as the main panel, but an upper limit of 1.0
K), while the white contours represent continuum radio emission
(masked to only show the radio lobes; contour levels are 2n× the
rms noise of 8µJy bm−1, where n = 2.0, 2.5, 3.0, 3.5, 4.0, 5.0, 6.0; see
§2.2). The red ellipses indicate the ALMA beams. The top panel
displays the spectrum of the HNCO [J = 4 − 3] emission (ACA +
12m) coincident with the northern lobe (the cyan square in the
bottom inset panel represents the spectral extraction region). We
detect HNCO [J = 4 − 3] emission coincident with the northern
and southern sides of the ring structure identified in Figure 7, as
well as additional HNCO [J = 4 − 3] emission to the south of the
ring structure. The HNCO [J = 4− 3] spectrum shows a wide line
profile, consistent with a turbulent molecular medium.
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Figure B4. HNCO [J = 5−4] emission (density and shock tracer)
detected near the BHXB 1E 1740.7−2942 in the velocity range
−30 to 60 km s−1 (in units of Kelvin). The bottom panel displays
maximum intensity maps, where the main panel displays the ACA
data alone, while the inset panel displays the combination of ACA
+ 12m array data. The colour scale represents the intensity of the
molecular emission (the colour bar range for the inset panel has
the same lower limits as the main panel, but an upper limit of 0.8
K), while the white contours represent continuum radio emission
(masked to only show the radio lobes; contour levels are 2n× the
rms noise of 8µJy bm−1, where n = 2.0, 2.5, 3.0, 3.5, 4.0, 5.0, 6.0; see
§2.2). The red ellipses indicate the ALMA beams. The top panel
displays the spectrum of the HNCO [J = 5 − 4] emission (ACA +
12m) coincident with the northern lobe (the cyan square in the
bottom inset panel represents the spectral extraction region). We
detect HNCO [J = 5 − 4] emission coincident with the northern
radio lobe, as well as additional HNCO [J = 5− 4] emission to the
south of the radio lobe structures. The HNCO [J = 5−4] spectrum
shows a wide line profile, consistent with a turbulent molecular
medium.
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Figure B5. 13CO emission (density tracer) detected near the
BHXB 1E 1740.7−2942 in the velocity range −30 to 60 km s−1 (in
units of Kelvin). The bottom panel displays maximum intensity
maps, where the main panel displays the ACA data alone, while
the inset panel displays the combination of ACA + 12m array
data. The colour scale represents the intensity of the molecular
emission (the colour bar range for the inset panel has the same
lower limits as the main panel, but an upper limit of 5.0 K), while
the white contours represent continuum radio emission (masked
to only show the radio lobes; contour levels are 2n× the rms noise
of 8µJy bm−1, where n = 2.0, 2.5, 3.0, 3.5, 4.0, 5.0, 6.0; see §2.2). The
red ellipses indicate the ALMA beams. The top panel displays the
spectrum of the 13CO emission (ACA + 12m) coincident with the
eastern edge of the molecular ring (the cyan square in the bottom
inset panel represents the spectral extraction region). There is
a distinct lack of 13CO emission coincident with the radio lobes
or ring structure seen in HCO+ and HCN, with the majority of
the 13CO emission on the outskirts of the field surrounding 1E
1740.7−2942. The spectrum of the 13CO emission closest to the
HCO+/HCN ring structure displays several closely spaced veloc-
ity components along the line of sight, and thus it is difficult to
determine if this emission is related to the HCO+/HCN emission.
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Figure B6. C18O emission (density tracer) detected near the
BHXB 1E 1740.7−2942 in the velocity range −30 to 60 km s−1 (in
units of Kelvin). The bottom panel displays a maximum intensity
map, where the main panel displays the ACA data alone, while
the inset panel displays the combination of ACA + 12m array
data. The colour scale represents the intensity of the molecular
emission (the colour bar range for the inset panel has the same
lower limits as the main panel, but an upper limit of 2.0 K), while
the white contours represent continuum radio emission (masked
to only show the radio lobes; contour levels are 2n× the rms noise
of 8µJy bm−1, where n = 2.0, 2.5, 3.0, 3.5, 4.0, 5.0, 6.0; see §2.2). The
red ellipses indicate the ALMA beams. The top panel displays the
spectrum of the C18O emission (ACA + 12m) coincident with the
eastern edge of the molecular ring (the cyan square in the bottom
inset panel represents the spectral extraction region). As with
13CO, there is a distinct lack of C18O emission coincident with
the radio lobes or ring structure seen in HCO+ and HCN, with
the majority of the C18O emission on the outskirts of the field
surrounding 1E 1740.7−2942. The spectrum of the C18O emis-
sion closest to the HCO+/HCN ring structure displays several
velocity components along the line of sight, although these com-
ponents appear to be at lower velocities when compared to the
HCO+/HCN emission.
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Figure B7. CH3OH emission (shock tracer) detected near the
BHXB 1E 1740.7−2942 in the velocity range −100 to 200 km s−1
(in units of Kelvin). The bottom panel displays a maximum inten-
sity map created from 12m array data only, as we did not sample
this frequency range with the ACA. The colour scale represents
the intensity of the molecular emission, while the white contours
represent continuum radio emission (masked to only show the
radio lobes; contour levels are 2n× the rms noise of 8µJy bm−1,
where n = 2.0, 2.5, 3.0, 3.5, 4.0, 5.0, 6.0; see §2.2). The red ellipse
indicates the ALMA 12m array beam. The top panel displays the
spectrum of the CH3OH emission (12m only) coincident with the
northern radio lobe (the cyan square in the bottom panel repre-
sents the spectral extraction region). We detect CH3OH emission
close to both radio lobes near 1E 1740.7−2942. The spectrum of
the CH3OH emission is very low resolution (∼ 50 km s−1), as we
detected this line in a spectral window set up to measure the
continuum emission.
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Figure B8. HCO+ emission (density tracer) detected near the
BHXB 1E 1740.7−2942 in the velocity range −180 to −100 km s−1
(in units of Kelvin). The bottom panel displays maximum inten-
sity maps, where the main panel displays ACA data alone, and the
inset panel displays the combination of ACA + 12m array data.
The colour scale represents the intensity of the molecular emis-
sion (the colour bar range for the inset panel has the same lower
limits as the main panel, but an upper limit of 2.0 K), while the
white contours represent continuum radio emission (masked to
only show the radio lobes; contour levels are 2n× the rms noise of
8µJy bm−1, where n = 2.0, 2.5, 3.0, 3.5, 4.0, 5.0, 6.0; see §2.2). The red
ellipses indicate the ALMA beams. We detect an isolated molecu-
lar cloud in this velocity range, which is also seen in other density
tracing HCN, HNCO, and CS molecules, to the north-east of the
radio lobe structure. The top panel displays the HCO+ spectrum
(ACA + 12m) of this cloud, where the cyan square in the bottom
inset panel represents the spectral extraction region.
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